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I SUMMARY 

Results o f  an 1 l-month research and development program are described 

which cover an analytical and experimental study and the design and fabrication 

of  five advanced energy absohing devices, ut i l iz ing the principle of cycl ic 

deformation o f  materials. The study represents a continuation of  research on cycl ic- 

strain energy-absorbing devices previously conducted at  A M ,  Inc. 

\ r-r: 

E&gy absorption, fatigue, and plastic stability o f  rotating torus segments 

were studied analytically and experimentally, using rotating beam tests. 

procedures for torus devices ut i l iz ing friction drive are presented. These results 

were applied to the design and fabrication of energy absorber units providing up 

Design 

to 53,300 Ib force over a 36-inch stroke, and capable o f  multiple 

tension and compression. 

I I  INTRODUCTION 

The principles of cyciic-strain energy-absorbing devices have been 

previously described (Reference 1). Devices of this type operate by converting 

unidirectional mechanical energy into cycl ic deformation of  a working material, 

such as a ductile metal, and offer significant advantages over other energy 

absorbing systems currently under study. They can be designed to provide constant 

or varying load-stroke curves, high reliabil i ty, multiple-use capabi l i ty  i n  tension 

r 

and 

CYC 

compression, and high weight and volume efficiencies. 

The objectives of  this program were: ( 1 )  to continue the research on 

ic-strain energy-absorbing devices previously conducted at  ARA, Inc. and 
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provide basic design data; (2) to apply the results to the design and fabrication of 

energy absorber units to meet specific design requirements. Five units were 

required, the largest to provide a 53,300 Ib force over a 36-inch stroke. 

An attractive design approach utilizes the rol l ing o f  toroidal elements to 

convert unidirectional mechanical energy into cycl ic strain energy. In one 

variation of  the a p p m c h  the torus elements are driven in friction contact between 

two concentric tubes. A limited investigation of this approach is described i n  

Reference 1. i t  i s  shown that lateral deformation of the elements required for 

adequate fr ict ion drive gives rise to a complicated stress state and increased 

energy absorption. 

Another wr ia t ion  on the torus approach utilizes torus segments, mounted 

and driven in  a manner similar to a specimen i n  a rotating-beam test. A con- 

sidemble portion of the analytical and experimental study phase o f  the program 

was directed toward an investigation of  the energy absorption, fatigue, and plastic 

stabil ity o f  rotating torus segments. However, because of the success obtained 

wi th  the complete torus and friction drive approach under another development 

program, and the relative simplicity of this approach, i t  was decided to ut i l ize 

this approach i n  the design and fabrication phase o f  the program. 

I n  the following sections, analyses and design data for both the torus 

segment and friction drive approach are presented, and application of  the friction 

drive results to the design and fabrication of  several energy absorber units i s  

described. 

- 2 -  



I I I  A N A  LY 5 i 5 

A. Torus Segment Approach 

The original design concept considered for the energy absorbers 

ut i l ized working elements i n  the form of torus segments supported on bearin* in 

such a manner that the curvature and, hence, the force level could be continuously 

adjusted. This mode of operation raised certain questions regarding the applied 

forces, energy absorption parameters, fatigue l ife, and stabil ity of the working 

elements. A brief analysis of these problems i s  presented below. 

1. Load Distributions 

Consider a solid torus segment of length ,t! and diameter d ,  

supported on bearings and driven a t  one end, as shown i n  Figure 1. The driving 

torque T, applied a t  B produces a reacting force F at  A, normal to the plane 

o f  the segment. This force gives rise to distributions of torque T and bending 

moment M along the segment, given by 

M ( 6 )  Fx(Q)  z -  F R s i n 6 -  J j  

where x and y are moment arms, as indicated i n  the figcrre, 6L i s  the angular 

coordinate, and R i s  the radius of curvature. The maximum values of T and M 

are given by 

T = Fb = FR (i - C O S  5m) 
m I I .  

The distributions mav be normalized to their maximum values, to give 

- 3 -  
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Figure 1 .  Rotating Torus Segment - 
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For small values of B , Equations (2) and (3) yield 

n 

Thus, i t  i s  seen that, for smolt 

varies as the square of  8 , and M i s  linear with & . 
Om, both T and M are proportional to T,, T 

The presence of these torque and moment distributions 

affect the performance of the elements by producing variations i n  the stress states 

from those o f  simple bending. The torques produce steady shear stresses in the 

direction of rotation which are superimposed on the cycl ic bending stresses; the 

moments produce variations i n  the cyclic bending stresses due to the rotation of 

the elements. 

i t  has been shown (References 2 and 3) that the presence o f  

small steady stresses during cyclic straining of a ducti le metal can give rise to 

significant plastic deformation i n  the direction of the steady stresses. Moyar and 

Sinclair (Reference 2) subjected tubular specimens of copper to s m a l l  steady tensions 

and alternating torsion, and observed appreciable accumulations of axial strain. 

Moreover, the presence of smal l  axial tension caused a significant reduction i n  

the fatigue l i fe based on the torsional straining alone. 

5inclair 's tests are shown in  Table 1 and Figure 2.  

o f  a steady axial stress 

Pesglts of Moyar and 

The figure shows the effect 

on the reduction i n  the fatigue constant C i n  

- 5 -  



0 
Ir, 

o o m  
a m .  - a -  

0 os 
a c; 0 

5 
hl 

I 1  

Z 
L 

c 
rc 
Q, 

0 

0 I1 I1 I1 

z z z  
t i $ &  

e e e  

c c c  
L c c c r c  
0 0 0  . . .  
c c c  

- - -  . - .  

It I 1  
z z  

t 
2 

m o o n  
OtCuO. 
n - n 8  

cu' cu- 

m m w h  
- a h  m c y - 8  
0000 

0000 0000 0000 0000 ri 
c 

t T 
I 

*i 
t 

. I . .  

% 8 m  
8 8 8 8  - c c c  

0000 
0000 0000 0000 0000 

. . . .  
- r \ * c . (  - . . . .  

- h * m  - . . . .  
- h * m  
c 

. . . .  
- h * m  - 

- 6  - 



0. c 

0.4 

0. z 

0 

Figure .3. 

/. 2 

I 

" 4 5  

04 I 

c 

Effect of Axial Tension on tow-Cycle Fati 
(bob from Moy or and Sinclair, 

- -  

A dimensional instability 3 ry: 

. c  

.I * 

. 
. i  

- 7 -  



Coffin’s empirical relation (Pefereiice 4j, 

N’/2afP = C, 

where N i s  the fatigue l i fe and A$ i s  the plastic strain range in torsion. It 

has been shown that the constant C i s  proportional to fracture ductility, as 

determined in a tensile test. I f  i t  i s  assumed that the ducti l i ty i s  reduced due to 

the c o m b i d  stress effects resulting from the steady tension, and that the fatigue 

l i fe  i s  affected accordingly, then the quantity N’I2 A$ 

tL8e axial stress, independent o f  strain range. 

be quite good, considering the scatter normally associated with fatigue failures. 

r - 
should correlate with 

The correlation of Figure 2 seems to 

2.  Energy Absorption 0 r - A  Fatigue relations 

Before investigating the plastic stability of the rotating 

torus segments, i t  i s  convenient to establish the energy absorption and fatigue 

parameters based on the bending deformation alone. An energy balance yields 

2 r r T m  = h p d V ,  
element 

where 
P 

volume per cycle, and V i s  the volume of  the element. The integral may be 

CCT i s  the area under the hysteresis loop, or energy absorbed per crnit 

written, /“p,, = w v =  7 A J - a + V  , 
P 

(7) 

- 
where i s  the average hysteresis loop; A3- and A E p  are the maximum 

values of stress range and plastic strain range, respectively; and 7 i s  an 

efficiency factor which relates to the basic material cyclic-strain 

properties, A T  and . With V - rdy/!+ , Equations (6) 

and (7) give 

- 
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Introducing the total strain range, 

d 
A€,- = 7 J 

and modulus o f  elasticity, E, Equation (8) m y  be written 

The fatigue l i fe  can be determined from Coffin's empirical relation, written for 

tension-compression , 

whem C is a constant for the material. 

Equations (8) - ( 1  1) provide a convenient set of relations 

which can be used to study the effects of torque and moment distributions on the 

energy absorption and fatigue behavior of rotating torus segments. These relations 

are used i n  conjunction with basic cyclic stress-strain properties, such as those for 

type 347 stainless steel, shown i n  Figure 3. A major objective of the test program 

described in  Section i V  was to determine 

design parameters such as strain range, element length, and element diameter. 

';7 and N as a function of the verious 

3. Plastic Stability 

The steady torsional stresses i n  the rotating torus segment 

are analogous to the steady axial tensions i n  Moyar and 5inclair's tests, and can 

- 9 -  



Ar 
(1000 psi) 

Y 
I 

22( 

2M 

180 

16C 

14C 

12c 

1 oc 

8( 

Figure 3 .  Cyclic Stress-Strain Data for 
T X G  i n less 5 tee I (so I u ti - 3 n t r ea ted ) 

. I--_ _ - -  
- -_-_ - 

(Data from Coffin and TcverneIIi, Reference 2)  

. .  

. <  . .- 

I I I I J 
1 2 3 4 5 

At, or  dCT ( Z )  

, +'a 
-$V .*. 

r t  _ .  

. .. 

- 10- 



' 0  be expected to produce appreciable t w i s t  o f  t!ie element as well  as a reduction 

in fatigue l ife. An estimate of the relative magnitudes of  the steady tortiom(' 

stresses and the cycl ic bending stresses can readily be obtained for an element of 

ideal elostic-plastic material in the form of  a thin-walled tube. I f  T- i s  the 

maximum shear stress at  B i n  Figure 1, 

where A is the cross-sectional area of the tube. Assuming that rrn i s  small 

relative to the axial bending stress cr , i t  may be further assumed that CY- 

i s  the flow-stress of the material. Then, 

and Equation (6) becomes 

or 

Thus, for a particular total strain range d/R, the ratio of the maximum steady shear 

stress to the c y c l i c  bending stress i s  proportional to 

The distribution of shear stresses can be similarly expressed, from Equations (4) 

and (14), 

6i for small values o f  &m. 

Equation (15) can also be written, 

- 1 1 -  



For a particular element geometry, when em, i s  s m a l l  

i s  a small fraction (i.e. , the hysteresis loop i s  enough so that Acf/bk, 

narrow), Equation (16) indicates that 

in &., , since A € ~ / ~ C ~  also increases rapidly. Consequently, i t  i s  

possible that there w i l l  exist a particular value o f  

rapidly becomes unstable. 

T m / r  w i l l  increase rapidly with increases 

8, above which the element 

The foregoing results can be used to estimate the twist of 

the element that would be expected on the basis o f  classical plastic flow theory. 

The Prandtl-Reuss incremental flow 

P dqj - 
3 I 

equations (Reference 6) are expressed by 

where de', and cj. are the incremental plastic strain components and 

the deviator or reduced stress components, respectiveI;/, written i n  tensor notation, 

J 

and dR i s  a scalar factor of proportionality. Consider the plastic deformation 

resulting during one-half revolution of the element. For the present case, 

- 12 - 



wiiere ~d i s  the plastic s!:ear strain increment. Equations (17) may be written 

i n  the incremental form, 

Substitution of Equations (18) into Equation (19) yields 

or 

Substitution of Equation (15) into Equation (20) yields, for the total plastic shear 

strain per revolution, 

The rate of twist along the element due to plastic deformation i s  given by 

Mul t ip ly ing by ds = R d a  , and integrating from @ 

maximum twist A P ~ ,  at 6,:,. i s  given by 

This result may olso be written, 

which further indicates the rapid increase expected i n  APfi, with increasing 

bm for small values of  hni and dCp , and t!ie possibility of an instability 

" t h res ho Id . " 
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I t  should be noted tl:at i n  the foregoing analysis the effects 

of the bending moment distribution have not been included. These moments tend 

to cause a plastic bending deformation out of the in i t ia l  plane of curvature of the 

element, which should also contribute to element instability. 

B. Torus Device with Friction Drive 

, During the program i t  was decided to ut i l ize the approach based 

on the torus device with fr ict ion drive, described previously i n  Reference 1. The 

success o f  laboratory tests under another NASA program to develop an attenuation 

strut (Teference r )  indicated that this approach could meet the requirements of  the 

present program more simply than the torus segment approach. 

The device consists, basically, of two concentric tubes sepamted 

by torus wire elemnts. A bui l t- in interference between the torus wire elements 

and the undeformed annular space causes elastic deformation of  the tube walls 

which produces a lateral compressive force adequate to ro l l  the elements. The results 

of a theoretical and experimental program to develop design procedures and design 

data for stainless steel working elements i s  described i n  Reference 7 and w i l l  be 

brief ly summarized here. 

1. Analysis of Working Elements 

The objective i s  to relate the force required to ro l l  a torus 

element to the various geometric and material parameters. The energy balance of 

Equations (6) - (9), based on simple bending, may be written 
r 

- 1 4 -  



- 
wl-ieie f i s  the ro l l  fcrce per uni t  lengti~ ond 

In  the present device where a significant compressive force is  required for 

adequde drive, 

factor k, defined by 

up i s  the average hysteresis. 

- 
a+ i s  a function o f  strain range as wel l  as a "squeeze" 

where fc i s  the compressive force per unit  length of element. Thus, Equation (25) 

may be written 

E 

[-or successful operation of the device - i.e.,  i n  order for the elements to roll 

rather than slide - i t  i s  required that k l/ ,u , where p i s  the coefficient 

o f  friction between the elements and tubes. A series of tests was performed, as 

described in Reference 7, to determine f/d as a function of AgT and k for 

300 Series stainless steel working elements. These results are shown i n  Figum 4, 

The dashed line, which corresponds to k = 0, i s  a semi-empirical curve based on 

the resuit of €+ations (7) and (E), 

7 This eqwt ion  was used wi th  the results of Figure 3 and an average value for 

determined from tests described in  Section IV of  this report. 

2. Spacing of Elements 

The compressive forces on a cluster of elements generally 

arise from both hoop deformation and axial bending of the tube walls. Conse- 

quently, distribution of  the forces depends on the axial spacing. An analysis of 

- 15 - 
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the problem i s  presented i n  Reference 7, and some of the pertinent results are 

described here. 

Because of the effects of lateral compressive force on 

performance, as described in the previous section, i t  i s  desirable to maintain the 

force on each element at a constant design value. For an inf inite cluster of 

elements sufficiently closely spaced, the tubes w i l l  be deformed uniformly in hoop 

tension and compression, and the forces on the elements wi  II be constant and 

uniform. However, for f inite clusters, end effects w i l l  cause a redistribution of 

the compressive forces. Also, spacings greater than a characteristic length wi  il 

produce axial variations i n  the radial deflection, resulting in  forces different 

from those based on simple hoop deformation. 

The characteristic length i s  l/x , where 

R and t are the tube radius and thickness, respectively, and id i s  Poisson's 

ratio. 

The effect o f  uniform spacing 

o f  elements can be described by a compression factor 

1 of an infinite cluster 

, defined by 7 

, defined by P and a bending factor 

- 17 - 



The factor 7 i s  the ratio of the actual compressive force on the element f 

to the force /f/ produced by the radial deflection & in uniform hoop 

deformation. Here, K E t/R and E i s  Young's modulus for the tube material. 

In Equation (31), M i s  the bending moment in the shell a t  the point o f  contact o f  

an element, and Mo i s  the reference value, fJ4 h 

moment produced by a single element exerting a radial force of  magnitude fc on 

C 

2 
# 

, Mo represents the 

an inf inite tube. The effect o f  spacing i s  indicated in Figure 5 which shows $? 

and 

spacings up to 

7 B plotted against the nondimensional spacing parameter, A / .  For 

= 1 i t  i s  seen that the deformation i s  very nearly uniform hoop 

deformation. For this case, hoop stress , compressive force, radial deflection, 

and element spacing can be related by 

From the foregoing results, i t  should be possible to 

approximate the force distributions of f inite closely-spaced clusters by uniform 

pressures. in  this manner the deflection distribution required to produce a uniform 

pressure and, hence, uniform compressive forces can be determined. I t  has been 

found that the use of a p i lo t  element or bearing spaced some characteristic distance 

from the end of a f ini te (or semi-infinite) cluster, which produces the same radial 

deflection, gives rise to a nearly uniform force distribution on the cluster. This 

i s  indicated by the deflection solution shown i n  Figure 6 for a semi-infinite 

uniform pressure distribution f, w i t 5  a concentrated load P spaced a 

distance a from the end of the cluster. The concentrated load was adjusted to 

- 18 - 
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produce the same deflection which resa l ts  an inf ini te distance from the end of 

the distributed load. Two cases are shown i n  addition to the case of no concen- 

trated load (dashed line). The concentrated load has a magnitude, 
P 

and the moment M a t  the point of application is 
P 

w!:ere 

IV  LABORATORY TESTS 

A series of rotating beams tests was conducted to investigate the energy 

absorption, fatigue life, and stability of torus segment elements. k t  of the tests 

were performed on Type 304 Stainless Steel rods, and some very limited tests were 

performed on copper elements. 

A. Test Pesc r ip tion 

Photos of the test apparatus and test specimens are shown in Figures 

7-1 1. The apparatus i s  designed to rotate rod-shaped specimens of various lengths 

under various curvatures or strain ranges. The specimen i s  mounted i n  two chuck- 

arbors and the angle of  curvature i s  set by means of an angle-setting bar shown 

i n  Figure 7. One end of the specimen i s  driven a t  constant speed by an electric 

motor and the other end i s  connected to a counter. The rotational speed was 10 

cps i n  a l l  of  the tests. 

- 21 - 
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Figure I I .  Various Tes t  Specimens - --.- -1__----- _--_ 
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The ends of the specimens were enlarged in  order to avoid stress 

concentrations a t  the grips. In most of the specimens the ends were brazed to the 

test rods, and a few were machined from solid stock. The test section OD was 0.25 

inch i n  a l l  cases. 

The torque required to rotate the specimen was measured periodically 

during the test by dead-loading the drive pulley, as shown i n  Figure 8. The number 

of  cycles in a burst was limited to control temperature rise. The temperature rise 

was measured periodically by means of a thermocouple thermometer held i n  contact 

wit!: the specimen. 

Each run was carried to fatigue failure, although appreciable 

distortion of the specimen sometimes occurred considembly before failure (Figures 

10 and 11). I n  addition to visual observations of the distortion, the angle of twist 

of the specimen was measured in  some cases. Figure 9 shows the twist i n  a specimen 

a t  failure. 

B. Test Resu Its 

The pertinent test results for the stainless steel specimens are shown 

i n  Table 2. The value for Tm represents an average value during the run. In 

general, there was l i t t le  variation in T, except for an in i t ia l  stabilizing period. 

The stress ranges and plastic strain ranges indicated were computed from the data 

of  Figure 3.* In addition to the measured fatigue l i fe N, a calculated value No, 

based on Equation ( 1  1) w i t h  C 1 0.65 (Reference 5), i s  also included. Except where 

noted, the specimens failed at the driven end, as would be expected. 

*ATthoigKthe data of Figure 3 corresponds to Type 347 stainless steel, i t  i s  
expected that there i s  l i t t le difference i n  stress-strain properties between this 
and Type 304 used for the test specimens. 
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The most significatit results are shown in  Figures 12 and 13. 

Figure 12 shows the efficiency factor 7 o f  Equation (10) plotted against total 

strain range. The various points are identified i n  terms of the specimen 

values. 

various l / d  values. 

l / d  

Figure 13 shows the ratio N/N0 plotted against strain range, for the 

I t  i s  significant that the energy absorption-characteristics o f  the 

specimens, as described by the parameter 

strain range as wel l  as torque and moment distributions, for the range of  parameters 

investigated. 

7 , are relatively unaffected by 

Al l  o f  the points fa l l  within about +8"/0 of the constant value 0.38. 

This value wos used to compute the curve i n  Figure 4 corresponding to k 

course, OS the stmin-range i s  reduced and begins to approach the elastic value, 

0. Of 
\ 

7 would be expected to decrease rapidly. I n  fact, the values corresponding to 

l / d  = 50 appear to indicate this trend, 

The data of Figure 13 shows that an  increase i n  strain range for a 

particular 4 d  value results i n  a general decrease i n  fatigue life, based on simple 

bending and the relation of Equation ( 1  1). Also, the rate of  decrease of  N / k  

with increasing strain range appears to increase with l / d  value, and becomes 

quite rapid for the cases 4./d = 25 and j " d  = 50. The results are somewhat 

complicated by the appreciable distortion of the specimens which sometimes occurred 

prior to failure, and the attendant variations i n  strain distributions. 

decrease i n  N/", 

Sinclair and the idealized plastic stability analysis o f  Section 111, i n  which plastic 

The rapid 

with strain range i s  consistent with the results o f  Moyar and 
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torsional windup of  a tube was predicted as a function of 

@,,,. 

6 m. For a particular 

l / d  value, total strain range is  proportional to 

The results for the two machined specimens suggest the possibility 

that the corresponding brazed specimens were introducing strain concentrations. 

However, the datu is too limited to be conclusive, particularly in view of the 

scatter normally associated with fatigue data. 

Because of the change i n  design approach from a torus segment to a 

friction-drive torus device, as previously discussed, the scope of the program did 

not permit completion of  the rotating beam tests as originally planned. Consequently, 

tests with stainless steel and copper tubes, which were to provide a quantitative 

evaluation of  the previous stabil ity analysis, could not be conducted. 

tile data obtained from the tests w i t h  copper specimens i s  too limited to be of  

s i  g ni f i cance . 

Moreover, 
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V DESIGN A N D  FABRICATION 

Five energy absorber units ut i l iz ing the friction-torus principle were 

designed and fabricated to meet the requirements o f  Table 3. The Type C unit design 

Table 3. Design Requirements 

Unit Type Quantity Load Level (Ib) Stroke (in.) 

A 1 3,300 10 

B 1 53,300 10 

C 3 53 , 300 36 

included provisions for load adjustment through replacement of a cartridge 

containing the loaded torus elements. These units m e  tolbe rhippedyto .Marshell space 

F l ight Center where they w i l l  undergo a series of static and dynamic tests. 

Descriptions of the units and summaries of the pertinent design parameters are 

presented below. 

A. Type A Energy Absorber 

This unit i s  a simple constant-force energy absorber consisting of 

inner and outer tubes, torus cluster, and end fittings. Phojos of the device are 

shown in Figures 14 to 16, and a summary of  pertinent design parameters i s  

presented i n  Table 4. The torus cluster shown i n  Figure 15 consists of split wire 

elements separated by f lat wire spacers. The pi lot  elements at  each end consist 

of caged rollers which take the increased bearing load and insure uniform alignment 

of  the cluster. 
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Figure 14. Type A Energy Absorber Components 
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Figure 16. Type A Energy Absorber -- ComDleted Assembly 
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Table 4. Type A Energy Absorber Design Summary 

Tubes 

Ma te r i a I : 

T hi c kness: 

Radius: 

Radial deflection: 

Hoop stress: 

Bending stress: 

- 

Torus Clusters 

Torus e le men t materia I : 

Element diameter: 

Strain range: 

Roll force per element: 

Squeeze factor: 

Spacer width: 

P i l o t  spacing: 

Roller diameter :  

Roller length: 

17-7 PH Stainless Steel 

0.032 in. 

2.5 in. (nominal) 

0.005 in. 

59,000 psi 

76,000 psi 

Type 304 Stainless Steel 

0.063 in. 

2.596 

170 Ib 

10 

0.083 in. 

0.178 i n .  

0.063 in. 

0.180 in .  
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B. Type B and Type C Energy Absorbers 

Type C unit i s  a constant-force energy absorber wi th means 

provided for replacing a cartridge containing the torus elements, and thereby 

changing the load level. Type B unit i s  a constant force energy absorber similar 

i n  construction to Type C unit, except for its non-segmented tubes and shorter 

length. 

A detail design drawing o f  Type C unit i s  shown i n  Figure 17. The 

inner and outer tubes are axially segmented in  three sections and keyed together to 

form continuous surfaces for the rolling torus elements. The middle segment contains 

the torus elements and the outer segments provide for the necessary stroke length. 

The tube segments are held together by inner and outer rings o f  t ie rods connected 

to the end fittings. This design permits the unit to be readily disassembled so that 

the middle cartridge can be replaced for load adjustment. 

The inner middle tube i s  split, axially, to facil i tate loading of the 

torus elements. The torus cluster, similar i n  design to that of Type A unit, i s  

assembled in place, and the inner tube i s  expanded radially and locked in  place 

by inserting a key  i n  the axial slot.  

A summar-y o f  pertinent design parameters for the Type C energy 

absorber i s  presented i n  Table 5. 
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Table 5. Types 6 and C Energy Absorber Design Summary 

Inner Tubes 

Materia I 

Thickness: 

Radius: 

Radia I Deflection: 

Outer Tubes 

Material: 

T hi c kness: 

Radius: 

Radial deflection: 

Hoop stress: 

Bending stress: 

Torus Clusten 

Torus element materia I: 

E leme n t diameter: 

Strain range: 

Roll force per element: 

Squeeze factor: 

Spacer width : 

P i  lot spacing: 

Roller diameter: 

Roller length: 

Mild steel clad with Type 304 
stainless steel 
0.300 in. 

6 in. (nominal) 

0.003 in. 

17-7 PH stainless steel 

0.100 in. 

6 in. (nominal) 

0.009 in. 

45,000 psi 

59,000 psi 

Type 304 stainless steel 

0.135 in.  

2.250h 

713 Ib 

10 

0.115 in. 

0.542 in. 

0.135 in. 

0.380 in. 
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VI  C 0 NCL US IO N S A N D RECOM ME N DA T I ON S 

The development program desc,ribed herein has served to produce advanced 

energy absorbing devices uti l izing the cyclic material deformation concept. It 

has also served to extend the state-of-the-art i n  erergy absorbing devices through 

the development of units capable of multiple operation in  tension and compression, 

adjustment for load level, and other attractive features. 

Some limited investigation of performance has already been conducted, and a 

test program i s  planned by the Manhall  Space Flight Center. However, a broad 

evaluation program would be desirable to establish the true capabilities of these 

devices over a range of design and performance conditions. 

ixvestigation for successful application to the space program are as follows: 

Three important areas of 

Fatigue and Endurance Behavior 

Fatigue and endurance I irnits of torus devices should be established as 

--- 1. 

a fuEctior? of the pertinent design and performance parameters such as strain range, 

lateral compressivs forces, maferiols of construction, cycl ic rate, and temperature 

rise. I t  i s  also important to determine variations i n  force level and load-stroke behavior 

as a L~.~b-c+io:> of *:;e above r?enrior,ed pat-avieters, particularl\/ ilnder repeated operation. 

Ei fecrs of Space Ef.vir3r-rrent 

I t  i s  important ' 0  detprr; ine ?::e i.ffccrs of a space environrnent on 

_-I_ - ..- - - . -- ~ _L. 

2. 

performarice. 

of torus t'lernerits t;nder tricrion drive should be established. T6e u s e  of dry f i lm 

lubrica ' s  amid  -jrAtallic coatings n;igli+ also be included in such an investigatioti. 

In particular, effects of severe vacu J,-;-t\jer-cal exposure OF the rolling 
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3. Effects of Non-Axial Loading and Vibration Environments 

In  most space applications of load-attenuation struts, the devices 

w i l l  be subjected to bending moments, torques, etc., in  addition to axial tension 

and compression loads. In some cases severe vibration environments can also be ex- 

pected. I t  i s  important to determine the effects of these added loads on performance, 

and to establish the l im i ts  of load-carrying capairility as a function of the various 

design parameters 
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